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ABSTRACT
We study the red-optical photometry of the ultra-hot Jupiter WASP-121 b as observed by the Tran-
siting Exoplanet Survey Satellite (TESS) and model its atmosphere through a radiative transfer simu-
lation. Given its short orbital period of ∼ 1.275 days, inflated state and bright host star, WASP-121 b
is exceptionally favorable for detailed atmospheric characterization. Towards this purpose, we use
allesfitter to characterize its full red-optical phase curve, including the planetary phase modulation
and the secondary eclipse. We measure the day and nightside brightness temperatures in the TESS
passband as 2940+38−41 K and 2190
+294
−146 K, respectively, and find no phase shift between the brightest
and substellar points. This is consistent with an inefficient heat recirculation on the planet. We then
perform an atmospheric retrieval analysis to infer the dayside atmospheric properties of WASP-121 b
such as its bulk composition, albedo and heat recirculation. We confirm the temperature inversion in
the atmosphere and suggest H−, TiO and VO as potential causes of the inversion, absorbing heat at
optical wavelengths at low pressures. Future HST and JWST observations of WASP-121 b will benefit
from its first full phase curve measured by TESS.
Keywords: planetary systems, planets and satellites: atmospheres, stars: individual (WASP-121, TIC
22529346, TOI 495)
1. INTRODUCTION
Corresponding author: Tansu Daylan
tdaylan@mit.edu
A planet’s occultation as it goes behind its host star,
i.e., the secondary eclipse, reveals atmospheric charac-
teristics such as the dayside temperature and reflectiv-
ity (Agol et al. 2010; Line et al. 2013). Furthermore,
changes in the brightness of a planet and star system as
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2a function of orbital phase (i.e., the phase curve), con-
tain information about the dynamics of the orbit as well
as the thermal state on the nightside and heat recircu-
lation on the planet (Cowan & Agol 2008; Angerhausen
et al. 2015; Shporer 2017; Zhang et al. 2018; Shporer
et al. 2019).
WASP-121 b (TOI 495, TIC 22529346) is a transit-
ing exoplanet with a period of ∼ 1.275 days discovered
by Delrez et al. (2016). It belongs to a class of exo-
planets known as ultra-hot Jupiters, which orbit their
stars with short periods. It is likely that WASP-121 b
is locked to its host star via tidal interactions. WASP-
121 b has various features that make it an exceptional
exoplanet. First, its short orbital period and bright host
star (i.e., F6V type) cause it to be highly irradiated, rais-
ing its near infrared brightness temperature to ∼ 2700
K (Evans et al. 2017). Second, it has a spin-orbit an-
gle of 258◦ ± 5◦ (Delrez et al. 2016), indicating that the
exoplanet is in a nearly polar orbit. Third, given its
mass and radius of 1.2 and 1.8 times that of Jupiter,
respectively, WASP-121 b is an inflated exoplanet that
nearly fills its Roche lobe. This means that it should
tidally disrupt and merge with its host star in the next
few hundred million years. Furthermore, given its bright
host star with a V magnitude of 10.4, aforementioned in-
flated state and availability of previously collected spec-
troscopic data, WASP-121 b is an interesting target for
atmospheric characterization. James Webb Space Tele-
scope (JWST) is expected to further characterize the
atmosphere of WASP-121 b in near and far infrared.
Previous work on the system found evidence for emis-
sion and absorption features as opposed to a feature-
less blackbody spectrum. In Evans et al. (2017), 1.4
µm infrared emission from hot H2O molecules was de-
tected in the emission spectrum of WASP-121 b using
the Hubble Space Telescope (HST) Wide Field Camera
3 (WFC3) G102 grism. Along with the Spitzer mea-
surements, this allowed an atmospheric retrieval of the
dayside atmosphere of WASP-121 b. That the H2O fea-
ture was observed in emission rather than absorption,
imply that the upper layers of the atmosphere are hot-
ter and that the temperature profile of the atmosphere
is inverted. This requires the existence of a stratosphere
(i.e., the layer of the atmosphere, where the temperature
increases with altitude, which is significantly heated at
low pressure). This temperature inversion can be real-
ized by metal oxides such as Vanadium Oxide (VO) or
Titanium Oxide (TiO) due to their strong absorption in
the optical wavelengths. These molecules are commonly
found in brown dwarfs and require high temperatures
to be in gaseous form, such as that available on WASP-
121 b. Moreover, an atmospheric transmission spectrum
was observed using the Space Telescope Imaging Spec-
trograph (STIS) on HST, where evidence for VO was
found (Evans et al. 2018). More recently, an emission
spectrum for WASP-121 b in the 0.8–1.1 µm passband
was collected using HST (Mikal-Evans et al. 2019). This
provided evidence for the contribution of H− to the op-
tical opacity of WASP-121 b’s atmosphere. In Sing et al.
(2019) UV transmission spectroscopy was performed on
WASP-121 b as part of the Panchromatic Comparative
Exoplanet Treasury (PanCET) survey, revealing heavy
ionized metals such as Mg and Fe in gas form, implying
that they escape the planet instead of forming conden-
sates.
In this work, we study the full phase curve of the
WASP-121 system in the red-optical (i.e., 0.6–0.95 µm)
passband as measured by the Transiting Exoplanet Sur-
vey Satellite (TESS; Ricker et al. 2014) in order to char-
acterize the planetary modulation (i.e., thermal and re-
flected emission from the planet). We then discuss the
implications of these measurements regarding the atmo-
spheric properties of WASP-121 b, including optical re-
flectivity and heat recirculation.
The TESS data on WASP-121 b is important mainly
for two reasons. First, TESS extends the wavelength
coverage of the available data on the system by 0.2 µm
towards shorter wavelengths as compared to the previ-
ously collected G102 data (Mikal-Evans et al. 2019). In-
terestingly, the TESS passband contains emission bands
of TiO and VO, giving us a probe of their role in the tem-
perature inversion. Second, the TESS data contain the
full phase curve of the system, allowing inference of the
nightside temperature as well as any phase shift between
the bright spot (i.e., longitude of highest brightness) and
the substellar point.
The rest of the paper is as follows. The data taken by
TESS are presented in Section 2. Our methods of data
analysis are presented in Section 3. We then present
our results in Section 4 and end with a discussion and
conclusion in Sections 5 and 6.
2. DATA
The WASP-121 system was observed by the TESS
mission at 2 minute cadence during Sector 7. The obser-
vations were carried out with camera 3 and the charge
coupled device (CCD) 2, between 7 January 2019 and 2
February 2019, spanning orbits 21 and 22.
These short cadence target pixel files were analyzed
by the Science Processing Operations Center (SPOC)
pipeline (Jenkins et al. 2010, 2016; Smith et al. 2012;
Stumpe et al. 2014) to produce simple aperture pho-
tometry (SAP) and presearch data conditioning (PDC)
light curves. An alert was then issued by the TESS
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First orbit Second orbit
Ti 2458491.63452417 2458503.0401359
Tf 2458504.83318593 2458516.08867022
β0 0.00103486 1.91152409e-03
β1 0.00140942 1.28100318e-03
β2 0.00048103 -5.56292798e-05
β3 -0.00212276 -2.75337528e-03
Table 1. Table of cubic spline coefficients, βi for i =
{0, 1, 2, 3}, for the first and second orbits, which begin and
end at Ti and Tf .
Objects of Interest (TOI) working group based on the
detected periodic transit signal.
In the SPOC pipeline the SAP pipeline simply sub-
tracts a background photon count estimate from the to-
tal number of photons inside a given aperture, whereas
the PDC pipeline estimates a correction to the SAP light
curve to correct for long-term trends as well as the de-
crease in the transit depth due to known nearby sources.
These initial data are shown in the first (SAP) and
second (PDC) panels of Figure 1, respectively. We in-
spected both data sets and concluded that the PDC light
curve was not suitable for further analysis due to mis-
modeled systematics in the data (i.e., short time scale
red noise), especially prominent in the second orbit of
Sector 7. Red noise is mostly in the form of discontinu-
ities and systematic trends introduced by instrumental
effects such as changes in the thermal state of TESS
and pointing instabilities. Therefore, we decided to fit
a separate cubic spline to the SAP data collected dur-
ing each individual orbit after masking out the flagged
data points as well as the transits as shown in the third
panel of Figure 1. This procedure filtered systematics
introduced at a time scale much longer than the orbital
period, while preserving the phase curve modulations.
We then based the subsequent analysis on the residuals
of the SAP data and the spline model, i.e., the flattened
light curve.
The transits of WASP-121 are diluted (i.e., their
depths are decreased) by a factor of 0.152 in the TESS
frames due to light contamination from neighboring
stars into the photometric aperture. Given the 21 arcsec
pixel scale of TESS and the bright neighbor ∼ 7 arcsec
away from WASP-121, we corrected the SAP light curve
for the dilution of the transit depths. When fitting cubic
splines, we increased the number of knots until the resid-
ual per degree of freedom fell below unity. The resulting
coefficients and knot locations are given in Table 1. The
resulting detrended light curve is shown in the bottom
panel of Figure 1.
In addition to the TESS data analyzed in this work,
there is also archival spectral and photometric data col-
lected on WASP-121 b. This includes the 3.6 µm and
4.5 µm Spitzer photometry (Garhart et al. 2019), z′
TRAPPIST photometry (Delrez et al. 2016), Ks band
photometry (Kovacs & Kovacs 2019), G102 and G141
HST/WFC3 emission spectroscopy (Evans et al. 2017;
Mikal-Evans et al. 2019) collected during the secondary
eclipse and the transmission spectroscopy data collected
during the primary transit from (Evans et al. 2018). We
utilize these data sets together with the TESS data for
an atmospheric retrieval (see Section 3.3).
3. METHODS
The variation of brightness of a star-exoplanet system
during orbit, i.e., a phase curve, can be broken down into
several components. First, the gravitational field of the
star and the exoplanet tidally distorts them according
to the Roche potential, causing ellipsoidal variations in
the brightness of the system at a period equal to the
half of the orbital period. Second, the radial velocity of
the orbiting planet results in the redward and blueward
shifting (i.e., Doppler boosting) of light from the star,
at the orbital period. Lastly, the thermal and reflected
emission from the planet changes during an orbit, as a
result of the changing fraction of the illuminated and
heated surface of the planet. We will refer to the sum
of the thermal and reflected emission from the planet as
the planetary modulation component.
3.1. Phase curve
Ellipsoidal variation —Ellipsoidal variation is a measure
of how the tidal gravitational field of the companion
compares to the surface gravity of the host star. Its
fractional amplitude can be expressed to leading order
as (Morris 1985; Morris & Naftilan 1993)
De = αell
Mb
Ms
sin2 i
(
Rs
a
)3
, (1)
where αell is a constant that depends on the linear limb
darkening and gravity darkening coefficients, Mb and
M∗ are the mass of the planet and the star, i is the
orbital inclination, Rs is the radius of the star and a is
the semi-major axis.
We use the limb darkening and gravity darkening co-
efficients in (Claret 2017) to predict the ellipsoidal vari-
ation amplitude of the WASP-121 system as ∼ 20 ppm.
Given the relatively small, but potentially significant ex-
pected amplitude of this ellipsoidal variation, we include
tidal distortion of the star and the planet according to
the Roche potential in our physical phase curve model.
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Figure 1. First panel: the SAP TESS light curve of WASP-121. Second panel: the PDC light curve of WASP-121, showing
indications of excessive red noise. Third panel: SAP light curve of WASP-121 after masking both the primary transits and the
secondary eclipses of WASP-121 b (black) and the spline model (blue). Fourth panel: the detrended light curve on which the
later analysis is based.
Doppler boosting —During the orbit of the companion,
its line-of-sight velocity varies periodically, causing pho-
tons to be blue or red shifted. Therefore, although the
bolometric flux does not change, the brightness of the
host in a particular passband varies at the orbital period
with the fractional amplitude, as (Shporer 2017)
Db = 4αb
K
c
, (2)
where
αb =
∫
1
4
xex
ex − 1dx, x ≡
hc
kTλ
. (3)
Here, K is the radial velocity semi-amplitude, c is the
speed of light, h is the Planck constant, k is the Boltz-
mann constant, T is the temperature of the star and λ
is wavelength.
The Doppler boosting fractional amplitude we expect
for this system is hence calculated as∼ 0.5 ppm, which is
much smaller than the photometric uncertainties of the
data. Therefore, we do not include Doppler boosting
in our model. The lack of significant Doppler boosting
allows us to put stronger constraints on the properties
of the planetary modulation.
Thermal and reflected planetary emission —As the planet
orbits the host star, a changing fraction of its surface
is illuminated. Therefore, both the reflected light from
the host, if any, and the thermal emission from the or-
biting planet is expected to follow roughly a cosine at
the orbital period whose maximum occurs near phase
0.5.
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At the superior conjunction, the total secondary
depth,
DS = Dt +Dr, (4)
can be generically expressed as the sum of a thermal,
Dt, and reflected, Dr, components. Equation 4 shows
that the thermal and reflected emissions are degenerate
given some secondary eclipse data in a single band. Hav-
ing spectral data, therefore, becomes crucial for placing
an independent constraint on the thermal emission in
order to break the degeneracy (Kreidberg et al. 2018;
Mansfield et al. 2018).
The thermal component can further be written as
(Charbonneau et al. 2005)
Dt =
(
Rb
R∗
)2
×
∫ T (λ)Fb(λ, Tb)dλ∫ T (λ)F∗(λ, T∗)dλ, (5)
where Rb is the planetary radius, T is the TESS
throughput and Fb(λ, T ) and F∗(λ, T ) are the plane-
tary and stellar fluxes, which are roughly blackbodies
with effective temperatures Tb and T∗. The reflected
component, on the other hand, is given by (Rodler
et al. 2010)
Dr = Ag
(
Rb
a
)2
, (6)
Here, Ag is the geometric albedo in the TESS passband,
which quantifies the reflectivity of a planet relative to
that of a Lambertian disk and differs from the Bond
albedo, AB , which is the ratio of the bolometric (i.e.,
integrated over the electromagnetic spectrum) flux to
that received from the host star.
The brightness of an ultra-hot Jupiter in the infrared
is dominated by its thermal emission. However, it may
get an increasing contribution from reflection at shorter
wavelengths, such as those probed by TESS. A nonzero
value for the Bond albedo causes some of the incident
light to be reflected and the effective temperature of the
planet to be reduced at fixed semi-major axis.
Another process with which the dayside effective tem-
perature of a planet can be reduced is heat recirculation.
If unequal irradiation from the star causes zonal winds
on the surface, heat can be transported from the day-
side to the nightside, partially homogenizing the tem-
perature across the exoplanet.
Temperature distribution —The equilibrium substellar
temperature of a planet is given by Line et al. (2013)
T0 = ψT∗
(
1
4
)1/4√
Rb
a
(7)
where T∗ is the effective temperature of the host star,
a is the orbital semi-major axis, Rb is the radius of the
planet and ψ is a parameter that takes into account the
effect of any reflection, heat recirculation and planetary
internal heat.
When there is heat recirculation between the day and
night sides of a planet, the dayside and the nightside
temperatures, Td and Tn, can be parametrized as,
Td = T0(1−AB)1/4
(2
3
− 5
12
ε
)1/4
, (8)
Tn = T0(1−AB)1/4
(ε
4
)1/4
, (9)
respectively, where ε parametrizes the heat recirculation
efficiency (Cowan & Agol 2011).
In the absence of any heat recirculation, the point
on the surface of the planet directly pointing to the
host star, i.e., the substellar point, is expected to be
the hottest point on the surface of the planet. How-
ever, planetary rotation can result in a phase shift in the
planetary modulation, which causes the hottest point to
drift eastward from the substellar point. Even when the
exoplanet is tidally locked (Mazeh 2008), heat transfer
in the atmosphere (i.e., via winds due to atmospheric
pressure gradients) can transport energy and result in
a similar phase shift. Therefore, a nonzero phase shift
could indicate strong zonal winds.
Another potential source of phase shift is reflective
clouds on the western hemisphere. Although the day-
side temperature of ultra-hot Jupiters is typically too
high for reflective condensates to be sustained, refrac-
tory species can still form on the nightside of the planet.
When these nocturnal clouds reenter the dayside from
the western hemisphere, they would survive for some
time before breaking up, resulting in some reflected light
from the western limb and causing a westward phase
shift (Parmentier et al. 2016). Therefore, there can be
distinct phase shifts for the thermal and reflected mod-
ulations.
Nevertheless, in our modeling of the TESS data, we as-
sume a common phase shift for the reflected and thermal
components, since the low signal-to-noise would cause
the two phase shifts to be degenerate. We model this
generic phase shift with ∆φ, where φ = 2pit/Pb is orbital
phase and t is time. Since the planetary modulation
is dominated by the thermal emission rather than re-
flected emission, this parameter mostly probes the ther-
mal phase shift, i.e., difference between the hot spot and
the substellar point.
Given an estimate of the thermal phase shift and the
temperatures on the day and night sides of a planet,
one can also parametrically infer the temperature dis-
tribution. Towards this purpose, we solve the kinematic
6differential equation (Zhang & Showman 2017)
∂T
∂t
+
1
τadv
∂T
∂λ
=
1
τrad
(Teq(λ)− T ) (10)
which describes the heat recirculation, and hence, the
temperature distribution on the planet, where T is the
effective temperature, λ is the longitude, τadv and τrad
are the advective and radiative time scales, respectively.
Their ratio, ξ ≡ τrad/τadv, is related to, but distinct
from the heat recirculation efficiency ε defined previ-
ously. Although they are both zero in the limit of van-
ishing heat recirculation, the limit ξ → ∞ corresponds
to ε ∼ 0.95. At constant longitude, we assume that the
temperature is proportional to cos(θ) as a function lat-
itude, θ. The solution of Equation 10 yields the form
T (λ) =

Tn + T1 cosλs cos(λ− λs) + ηT1e−λ/ξ
for −pi/2 < λ < pi/2
Tn + ηT1e
−(pi+λ)/ξ for − pi < λ < −pi/2
Tn + ηT1e
(pi−λ)/ξ for pi/2 < λ < pi
(11)
where T1 is the temperature difference between the anti-
stellar and sub-stellar points on the planet and Tn is the
temperature of the nightside. Given a zonal jet, and
hence, a nonzero thermal phase shift, ξ can be calculated
using
sin(λs − λm)eλm/ξ = η
ξ cosλs
(12)
λs = tan
−1(ξ) (13)
η =
ξ
1 + ξ2
1
epi/2ξ − 1
(
e
pi
2ξ + e
3pi
2ξ
)
(14)
Using the median thermal phase shift we observe, we
can then solve for ξ, and hence, the temperature distri-
bution on the planet.
3.2. Phase curve modeling
Our method of analyzing the TESS light curve in-
volves a physical light curve model that is implemented
using allesfitter (Gu¨nther & Daylan 2019, and in
prep.).
3.2.1. Physical light curve modeling with allesfitter
In this subsection, we briefly overview the physical
light curve model we use to fit the TESS data, but re-
fer the reader to the ellc algorithm (Maxted 2016) for
details.
We model the light curve in terms of the follow-
ing physical parameters: the planet-to-star radius ra-
tio, Rb/R∗, the ratio of the sum of the stellar and
planetary radius and the semi-major axis of the orbit,
(R∗+Rb)/ab, cosine of the orbital inclination, cos ib, the
epoch, T0;b, the period, Pb, the terms parametrizing the
orbital eccentricity,
√
b cosωb and
√
b sinωb, the radial
velocity semi-amplitude, Kb, the mass ratio, Mb/M∗,
the dilution in the TESS frames, D0;TESS , transformed
limb darkening coefficients q1;TESS and q2;TESS , the
surface brightness ratio, Jb;TESS , a parameter that char-
acterizes the amplitude of the planetary modulation,
Ab;TESS , the logarithm of the scaling of the uncertain-
ties in the TESS data, log σTESS , and a flat baseline
fitted to the light curve, ∆flux. Using these parame-
ters, allesfitter calculates the resulting model light
curve using ellc. This forward modeling takes into ac-
count the tidal distortion of the host star as well as the
orbiting planet, by computing distorted shapes of the
bodies, rather than spheres. We then sample from the
posterior probability distribution consistent with the ob-
served TESS light curve using emcee (Foreman-Mackey
et al. 2013). Using a self-consistent, physical light curve
model allows us to avoid biases (Kipping & Tinetti 2010)
that could affect parametric models such as decompos-
ing a phase curve into Fourier modes. In this way, our
inference constrains all the orbital and nuisance parame-
ters simultaneously. In our orbital modeling, we assume
zero eccentricity, consistent with Delrez et al. (2016).
The main challenge in modeling data with systematic
errors is red noise, which is the result of all instrumen-
tal and astrophysical processes that are not available in
the forward-model used to fit a given data set. Due to
their modeling flexible span, Gaussian processes can be
used to model red noise. In particular, allesfitter
has a built-in Gaussian process with the Mate´rn 3/2
kernel. We have repeated our analysis with and without
the Gaussian Process (as opposed to a flat baseline) to
ensure that the results agree to within 1σ.
In order to make sure that the samples taken from
the posterior are fair and that the chains are converged,
we collect samples until the chain length is at least 30
times that of the integrated autocorrelation time of all
parameters.
In order to test for a phase shift, we perform yet an-
other analysis with a free phase shift. However, in order
to ensure that real phase curve features in the data are
not absorbed by the Gaussian process and that the free
offset does not cause overfitting, we present as our main
results the analysis that uses a flat baseline and no phase
shift.
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As for limb darkening, we sample from a transformed
set of limb darkening coefficients, q1 ≡ (u1 + u2)2 and
q2 ≡ 0.5(u1 + u2)−1 (Kipping 2013), which allows us to
sample the limb darkening coefficients bias-free.
We place informative, truncated Gaussian priors on
the orbital parameters based on the previous measure-
ments (Delrez et al. 2016). However, we impose flat
priors on nuisance parameters as well as those that char-
acterize the phase curve such as the surface brightness
ratio and the planetary modulation amplitude.
3.3. Atmospheric modeling
We model the atmosphere of WASP-121 b using a one
dimensional radiative transfer model. We use ATMO
(Amundsen et al. 2014; Tremblin et al. 2015, 2016, 2017;
Drummond et al. 2016; Goyal et al. 2017), which solves
the radiative transfer equation on a one-dimensional grid
assuming hydrostatic and radiative-convective equilib-
rium. Given the potential for significant reflected light
in the TESS bandpass, we also included isotropic scat-
tering.
ATMO infers the properties of an atmosphere subject
to irradiation consistent with a measured emission spec-
trum, by sampling from a radiative transfer model with
6 free parameters. These are the irradiation efficiency,
ψ, relative metallicity (i.e., abundance of all elements
except hydrogen, carbon and oxygen), [M/M], infrared
opacity, κIR, the optical to infrared opacity ratio, γ, rel-
ative carbon abundance, [C/C], and the relative oxy-
gen abundance, [O/O]. For the retrieval, we assumed
chemical equilibrium which is computed on-the-fly for
each sample from the model, and included the opacity
sources of H2, He, H2O, CO2, CH4, NH3, Na, K, Li, Rb,
Cs, TiO, VO, FeH, PH3, H2S, HCN, C2H2, SO2, Fe, and
H−.
Thermal dissociation is an important process in the
atmospheres of ultra-hot Jupiters, which significantly
reduces the abundance of, and introduces a vertical
abundance gradient for relatively loosely bound chemi-
cal species such as H2O at high altitudes (Arcangeli et al.
2018, 2019; Parmentier et al. 2018). However, WASP-
121 b contains a significant H2O emission feature, indi-
cating the H2O at it’s photosphere is not fully dissoci-
ated (Evans et al. 2017). Therefore, ATMO also takes
into account thermal dissociation of chemical species.
In addition to the irradiation from the host star, an-
other source of energy for the atmosphere is that of in-
ternal heat. In this work, we fix the internal tempera-
ture to a fiducial value of 100 K, as it would be highly
degenerate with other sources with the available data.
4. RESULTS
In this section, we first discuss our results regard-
ing the analysis of the TESS light curve of WASP-121.
Then, we discuss the results of running ATMO based on
the inferred characteristics of the phase curve of WASP-
121 b.
4.1. Phase curve characteristics
We show in Figure 3 the observed TESS light curve
and our model. We detect a secondary eclipse and a
planetary modulation with the amplitudes of 534+42−43
ppm and 445+33−33 ppm, respectively. The secondary
depth corresponds to a dayside brightness temperature
of 2940+38−41 K in the TESS passband. We also measure
an ellipsoidal variation with an amplitude of ∼ 40 ppm.
The posterior probability distribution of the physical
light curve model parameters is shown in Figure 2.
We show in Figure 4 the joint posterior probability
distribution of the light curve model, indicating that the
posterior chain is well converged. We also the posterior
uncertainties on our parameters in Table 2.
The measured red-optical secondary depth of the
WASP-121 system is in general agreement with the pre-
vious measurements (Delrez et al. 2016; Evans et al.
2017; Kovacs & Kovacs 2019), as shown in Figure 7.
However, based only on the retrieval analysis in Mikal-
Evans et al. (2019), i.e., excluding this TESS measure-
ment, we predict a secondary depth of ∼ 300 ppm. This
implies that the TESS measurement of the secondary
depth is above the expectation based on the measure-
ments of the secondary in redder bands and that the
dayside emission spectrum of WASP-121 b is inconsis-
tent with that of a blackbody.
As for the nightside emission, we find a nightside
brightness temperature of 2190+294−146 K for WASP-121 b
and a westward phase shift of 1.0+6.5−6.4 degree, which is
consistent with zero. The measured nightside tempera-
ture implies a temperature contrast of 25.7+5.1−9.8%.
Using these inferences, we then solve for the two di-
mensional temperature distribution on WASP-121 b as
shown in Figure 5, which illustrates the lack of the phase
shift and reveals the large temperature gradient as a
function of longitude. This picture is in contrast with
the hot Jupiter HD 189733b, which has a thermal phase
shift of ∼ 30 degrees due to strong equatorial winds
(Knutson et al. 2009).
4.2. Atmospheric characteristics
The posterior probability distribution of our ATMO
parameters is given in Figure 6 and Table 3. With 44
degrees of freedom, we get a χ2 per degree of freedom
of 1.05, indicating a good fit to the spectral data shown
in Figure 7.
8Parameter Value Fit/fixed
Radius ratio, Rb/R? 0.12561± 0.00035 fit
Sum of radii over semi-major axis, (R? +Rb)/ab 0.2966
+0.0011
−0.0010 fit
Cosine of orbital inclination, cos ib 0.0329
+0.0075
−0.0081 fit
Mid-transit time, T0;b (BJDTDB) 2458504.748030± 0.000062 fit
Orbital period, Pb (days) 1.27492550± 0.00000025 fit
Orbital eccentricity, e 0 fixed
Radial velocity semi-amplitude, Kb (km/s) 0.1811± 0.0064 fit
Mass ratio, Mb/M? 0.00127
+0.00015
−0.00014 fit
Transformed limb darkening coefficient 1, q1;TESS 0.228
+0.047
−0.042 fit
Transformed limb darkening coefficient 2, q2;TESS 0.230
+0.072
−0.060 fit
Surface brightness ratio, Jb;TESS 0.0056± 0.0024 fit
Amplitude of the planetary phase modulation, Ab;TESS 0.406± 0.031 fit
Logarithm of the uncertainty, log σTESS (log rel.flux) −6.6754± 0.0055 fit
Baseline offset, ∆flux (rel. flux) 0.000075± 0.000016 fit
Table 2. Posterior quantiles from the physical allesfitter light curve model.
Name Symbol Value
Infrared opacity κIR 2.56
+0.33
−0.41
Optical to infrared opacity ratio γ 0.63+0.10−0.11
Irradiation efficiency ψ 1.02+0.03−0.04
Relative metallicity [M/M] 1.18+0.47−0.70
Relative C abundance [C/C] −0.20+0.60−0.49
Relative O abundance [O/O] 1.33+0.54−0.66
Table 3. Posterior median and 1σ uncertainties of ATMO
parameters.
The atmospheric retrieval indicates that the metal-
licity of the dayside atmosphere is super-Solar, i.e.,
1.18+0.47−0.7 . Furthermore, the abundance of carbon is not
well-constrained, especially at the lower end, whereas
that of oxygen is constrained to be near the Solar abun-
dance.
The irradiation efficiency, ψ, of the dayside is also
constrained near unity, indicating that the dayside at-
mosphere of WASP-121 b is consistent with being non-
reflecting and has inefficient heat recirculation. In order
to constrain the latter parameters, we use Equation 7
and Equation 9 to find the joint posterior probability
distribution over the Bond albedo and the heat recircu-
lation efficiency as shown in Figure 8.
Using the TESS-informed, predicted emission spec-
trum of WASP-121 b as shown in Figure 7, we then
solve for the geometric albedo in the TESS passband.
An estimate for WASP-121 b’s geometric albedo in the
z′ band was presented in (Mallonn et al. 2019) as Ag =
0.16± 0.11. We find a geometric albedo of 0.07+0.037−0.040 in
the TESS band. This reveals mild (i.e., ∼ 2σ) evidence
that the atmosphere of WASP-121 b has non-negligible
reflectivity in the TESS passband. Figure 9 compares
the geometric albedo inferred based on only the TESS
data and that inferred incorporating the thermal emis-
sion constraint from the atmospheric retrieval.
The radiative transfer modeling also allows us to con-
strain the pressure-dependent temperature profile of the
atmosphere, abundances of chemical species and the
contribution function of TESS. In Figure 10, we present
the pressure-temperature profile. In (Mikal-Evans et al.
2019) the atmospheric temperature was found to vary
from 2500 K up to 2800 K from 30 mbar down to 5
mbar pressure. We find that the top of WASP-121 b’s
atmosphere is hotter than previously thought and rises
well above 3000 K.
The informativeness about the atmosphere of a given
passband is encapsulated in a contribution function.
This function indicates how much flux a particular wave-
length interval contributes to each horizontal slice of the
atmosphere. We note that the TESS data, being bluer
than other available data on the system, probe relatively
higher altitudes, and thus has more constraining power
on the temperature inversion.
We show in Figure 11 the abundance-weighted cross
section of important species. We find that H−, TiO and
VO have the highest contribution to the opacity in the
TESS passband at chemical equilibrium. The arrival
of the TESS data raises their abundance-weighted cross
section by roughly an order of magnitude and results
in a dayside atmosphere with a much more pronounced
temperature inversion.
5. DISCUSSION
The TESS phase curve of WASP-121 b provides fur-
ther evidence for the temperature inversion of its dayside
atmosphere. The measured secondary depth also implies
that the TESS secondary is deeper than expected based
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Figure 2. Posterior probability distribution of physical allesfitter light curve model parameters. The time given in TJD is
the truncated TESS time format, BJDTDB − 2457000 d.
on previous measurements at longer wavelengths. There
may be two components of this excess.
First, the planet may be reflecting some light in the
TESS passband. Given that TESS passband covers
shorter wavelengths, where the exoplanet-to-star con-
trast of thermal emission is lower, it is reasonable that
this excess is due to reflected light from the exoplanet.
In general, condensates such as (e.g., H2O, NH3) on
relatively cool (e.g., . 300 K) planets or condensates
(e.g., silicates, Al2O3, CaTiO3) on hotter planets (e.g.,
& 1500 K) can make a planet reflective and result in
a large albedo. However, ultra-hot Jupiters such as
WASP-121 b are not expected to have a high reflectivity
(Bell et al. 2017; Shporer et al. 2019) due to Mie scat-
tering by clouds, because condensates required for this
type of reflection would not form due to the high tem-
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Figure 3. Top: the TESS light curve of WASP-121 (grey), the former after binning (black) and the median model light curve
drawn from the posterior (blue). Middle: The TESS phase curve of WASP-121 b. Bottom: The TESS phase curve zoomed
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Figure 5. A two dimensional map of the temperature of WASP-121 b based on the best-fit solution to Equation 10.
peratures. Furthermore, cloud-free Rayleigh scattering
is only effective at short wavelengths and would not be
enough to increase the albedo to the inferred value in the
TESS passband. However, despite the large substellar
temperature of WASP-121 b, reflection can still happen
from condensates that have just come into the dayside
and still close to the limb, which may not have had the
time to vaporize (Parmentier et al. 2015).
Secondly, the excess may be due to additional sources
of opacity in the dayside atmosphere of WASP-121 b
with emission lines in the TESS passband, causing the
planet to be heated at high altitudes. This would be
consistent with earlier findings that there is a temper-
ature inversion in the dayside atmosphere. This is also
supported by our atmospheric retrieval, which predicts
that the inversion in the pressure-temperature profile is
more pronounced and that the atmosphere is hotter at
high altitudes compared to Mikal-Evans et al. (2019).
The inferred inversion is also consistent with the pres-
sure temperature profile in Parmentier et al. (2018). Po-
tential species that can cause this additional absorption
are continuum opacity due to H−, metals such as Fe gas
(Lothringer et al. 2018), or band opacity due to TiO or
VO. Although a minor effect, the internal heat of the
planet might play a role in increasing the temperature
as well.
The allowed range of heat recirculation can be ex-
plained as heat can be transported from the dayside to
the nightside when molecular hydrogen, H2, thermally
dissociates into atomic hydrogen, H, recombines on the
nightside into H2, and releases internal energy. This pro-
cess can make heat recirculation more efficient than that
based on zonal jets only (Bell & Cowan 2018; Komacek
& Tan 2018). A known trend in ultra-hot Jupiters is the
decrease of the day-night temperature contrast with the
increase of dayside temperatures. This is due to the ra-
diative time scale being too short in ultra-hot Jupiters
(Komacek & Showman 2016). The expected resulting
dayside-to-nightside fractional temperature contrast for
WASP-121 b is ∼ 30%, which is consistent with what we
observe.
Given its short orbit, it is reasonable to expect that
WASP-121 b is a tidally locked exoplanet. Therefore,
unless strong winds allow efficient heat transport on this
exoplanet, one also expects the longitude directly below
its host star (i.e., substellar point) and its hottest lon-
gitude to align. Our results indicate that WASP-121 b
indeed has a phase shift consistent with zero. This is
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Figure 6. Joint posterior probability distribution of the ATMO parameters for the dayside atmosphere.
consistent with WASP-121 b being a tidally-locked exo-
planet with an inefficient heat recirculation on its sur-
face. It is important to note, however, that the absence
of a phase shift may also be due to emission being par-
tially reflected light as opposed to thermal emission. If
this is the case, the thermal and reflected emissions may
have opposite phase shifts, resulting in a non-detection.
We further compare our phase curve with the Global
Circulation Models (GCMs) extensively described in
Parmentier et al. (2018). The SPARC/MITgcm solves
the primitive equation of hydrodynamics on a cube-
sphere grid and the non-grey radiative transfer equa-
tions (Showman et al. 2009), assuming chemical equilib-
rium (including the thermal dissociation of molecules)
and using the opacities from Freedman et al. (2014).
The resulting outgoing flux is integrated over the TESS
bandpass and compared to the observation in Figure 3.
Despite its complexity the model presented here has sev-
eral shortcomings: it neglects, among others, clouds,
magneto-hydrodynamics effects and day/night latent
heat transport through H2 dissociation. Nonetheless,
without adjusting any parameters the model predicts
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a reasonable phase curve amplitude in the TESS pass-
band. In more details, the model predicts a larger than
observed phase curve offset and smaller than observed
dayside flux. This could be the sign that magnetic drag
is significantly slowing the winds of this planet com-
pared to the simulation, as was proposed for WASP-
18b (Arcangeli et al. 2019) and WASP-103b (Kreidberg
et al. 2018). Additionally, the model underpredicts the
nightside flux in the TESS passband, pointing towards
the presence of an additional source of day-night heat
transfer, most likely the transfer of energy through the
latent heat of the dissociation/recombination of H2 (Bell
& Cowan 2018; Komacek & Tan 2018).
The dayside emssion spectrum predicted by the GCM
also provides a good match to both the WFC3/G102
and the TESS data as shown in Figure 7. The red
end of the WFC3/G121 dataset is poorly fitted by the
GCM, which was already discussed in Parmentier et al.
(2018) and Mikal-Evans et al. (2019). As shown by the
retrievals, the WFC3/G121 datasets points toward a
non-solar composition. An exploration of the param-
eter space with the GCM by varying the atmospheric
metallicity and elemental abundance ratio would prob-
ably allow us to find a better match to the data, but is
out of the scope of this paper.
The measured amplitude of the ellipsoidal variation
likely gets contributions from the tidal distortion of both
the host star and WASP-121 b. The cross-sectional area
for WASP-121 b should vary by ∼ 10% over the course of
its orbit, implying that a large fraction of the ellipsoidal
variation can be due to the tidal distortions of the planet
(e.g., Kreidberg et al. 2018).
Future work on this system can potentially char-
acterize the atmospheric temperature distribution to
a greater detail (i.e., perform eclipse mapping) us-
ing GCMs. Magnetohydrodynamical (MHD) effects
can also be investigated (Rogers & Showman 2014),
as WASP-121 b’s high substellar temperature causes a
large amount of ionization as shown in the right panel
of Figure 10.
6. CONCLUSION
In this work, we present the first analysis of the full
phase curve of the ultra-hot Jupiter WASP-121 b as
measured by TESS. We characterize the phase curve
and the dayside atmospheric properties of WASP-121 b
and recharacterize its temperature inversion. We find
that TESS observes excess emission from the dayside of
WASP-121 b in the red-optical passband, which could
be attributed to higher-than-expected reflected light or
additional optically-thick absorbers in the red-optical
band. We also measure the night-side emission, the
temperature contrast, and the phase shift between the
substellar point and the hot spot, finding that the heat
transport on WASP-121 b must be inefficient.
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